one individual to count all cones minimized sampling error. Schultz (23) also found visual estimates of pinecone production to be comparable to harvested cone counts.
Ecological Degradation in
It is generally perceived that biodiversity is better protected from human activities after an area is designated as a protected area. However, we found that this common perception was not true in Wolong Nature Reserve (southwestern China), which was established in 1975 as a "flagship" protected area for the world-renowned endangered giant pandas. Analyses of remote sensing data from pre-and post-establishment periods indicate that the reserve has become more fragmented and less suitable for giant panda habitation. The rate of loss of high-quality habitat after the reserve's establishment was much higher than before the reserve was created, and the fragmentation of highquality habitat became far more severe. After the creation of the reserve, rates of habitat loss and fragmentation inside the reserve unexpectedly increased to levels that were similar to or higher than those outside the reserve, in contrast to the situation before the reserve was created.
More than 12,700 protected areas have been established around the world, accounting for 13.2 million km 2 (an area greater than the United States or China), or 8.81% of Earth's land surface (1) . Although protected areas are generally believed to be the cornerstones of biodiversity conservation (2) (3) (4) and the safest strongholds of wilderness (2, 5, 6 ) , human encroachments and threats are still very common in many protected areas (7, 8) . The problems of mismanagement and conservation politics have been widely publicized (7, 9) , but quantitative information about the deterioration of protected areas is scant (10). It is not clear whether all protected areas are effectively protected because there is little research comparing ecological degradation before and after the protected areas were established.
Is the rate of ecological degradation lower after the establishment of a protected area? To answer this question, we performed a case study of Wolong Nature Reserve, Sichuan Province, southwestern China (102°52Ј to 103°24ЈE, 30°45Ј to 31°25ЈN). We chose Wolong for three main reasons. First, it is the largest protected area designated for conserving the endangered giant pandas [Ailuropoda melanoleuca (11) ] and contains approximately 10% of the wild panda population (12) ; created in 1975, the reserve covers an area of approximately 200,000 ha (12) . Second, as in many other protected areas, there are local people residing in Wolong. Third, Wolong is a "flagship" nature reserve and has received exceptional financial and technical support from the Chinese government and many international organizations, such as the World Wildlife Fund (WWF) (9) . To a large extent, Wolong's ecological fate represents the success or failure of tremendous conservation efforts made by the Chinese government and many international organizations (9) .
We assessed the rates of change in forest cover and giant panda habitat before and after Wolong was established as a nature reserve. Forest cover, slope, and elevation are important factors affecting pandas (11, 12) . We incorporated these factors to estimate habitat suitability for pandas. In a process similar to hurricane damage assessment examining preand post-hurricane conditions (13, 14) , we quantified forest cover before and after the reserve's establishment, using remotely sensed data obtained at three different time points (15) . The different sources of data used in our study are typical of many studies of land use and land cover change (16) (17) (18) , because it is unrealistic to obtain remote sensing data on the same characteristics over a long period of time because of changes in the sensors. Neither aerial photography nor multispectral data were available for the entire time span of this study. Although cloud-free images with consistent phenology were not available, leaf-off [Corona data and Landsat Multispectral Scanner (MSS) data] versus leaf-on [Landsat Thematic Mapper (TM) data] conditions did not contribute significantly to the forest and panda habitat analyses for two reasons. First, our classifications were simple and consisted of only forest and nonforest categories. Second, because the 1997 image was acquired during leaf-on conditions, the analyses would give a more conservative estimate of forest loss. The images taken at different times were classified by means of photo interpretation, and the classifications were validated using several methods to ensure high quality (19) .
In the reserve, elevation ranges from 1200 to 6250 m above sea level. Pandas' preferred areas are between 2250 and 2750 m above sea level (11, 12) . [Because of the limitations of abiotic factors such as elevation, even without human impacts less than half of the reserve is suitable for the panda (12) .] Data on forest cover were obtained from the remote sensing analyses discussed above, whereas the slope and elevation values for each pixel were calculated from a digital elevation model that we developed using the topographic maps provided by the reserve. Using previously established habitat analysis procedures (12) and previous studies on pandas' biological requirements (11), panda habitat suitability was defined and divided into four categories: highly suitable, suitable, marginally suitable, and unsuitable (12) . (Unsuitable habitat would be underestimated, because information regarding several factors affecting panda habitat, such as bamboo distribution, was not available for the entire reserve and was thus not considered in this study.) We then calculated the numbers and sizes of habitat patches as measures of the degree of habitat fragmentation (20) at each time point, using the FRAGSTATS program (21) .
The average rates of change per year (in the amount of panda habitat, the number of habitat patches, and mean patch sizes) before and after the reserve's establishment were calculated in order to make appropriate comparisons, because the lengths of the pre-establishment period (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) ) and post-establishment period (1974 -1997) were different. [When calculating rates of changes during pre-and post-establishment periods, we substituted the 1974 data for the data from 1975 (March), when the reserve was officially established, because of a lack of cloud-free remote sensing imagery from 1975. This data substitution should not generate a significant bias, because according to our interviews with local residents and reserve managers, human disturbance to the panda habitat in 1974 was not much greater than that during the previous years.] We also compared rates of change in panda habitat inside the reserve to those outside (where habitat is not protected), a method similar to the methods of spatial comparisons used in past studies (4, 22, 23) . The "outside" was defined as a surrounding area (62,656 ha) within 3 km around the reserve boundary, because it shared similar biophysical characteristics (such as elevation) with the reserve.
The quantity and quality of panda habitat inside the reserve continued to decrease after the reserve was created (Fig. 1) . More surprising, the rates of panda habitat change demonstrated that high-quality habitats were more severely affected after the reserve was established ( Table 1 ). The rates of change (the loss of the total habitat area, decrease in the number of habitat patches, and reduction in the mean patch size) in highly suitable habitats were much higher after the reserve was set up than before the reserve's establishment (Table 1) . For suitable habitats, the rate of loss of the total area after the reserve's establishment was lower than that before the reserve was established, but the rate of reduction in mean patch size was higher after the reserve was created. The number of habitat patches actually increased after the reserve was established. For marginally suitable habitats, the rates of loss and reduction in the number of patches were lower after the reserve was established, whereas mean patch sizes increased slightly. Rates of change (the increase in the total area, reduction in the number of patches, and increase in mean patch sizes) in unsuitable habitats were lower after the reserve was established.
Although the rates of habitat loss inside the reserve were lower than those outside the reserve before the reserve was created, after the designation of reserve status, the rates of habitat loss and fragmentation inside the reserve unexpectedly and dramatically increased to levels that were similar to or higher than those outside the reserve (Table 2) .
Furthermore, the differences in the rates of loss and fragmentation between inside and outside the reserve were particularly large for highly suitable habitats. For suitable habitats, the rate of habitat loss inside the reserve reached the same level as that in the surrounding area after the reserve was established. The rate of reduction in the mean patch size inside the reserve became even higher than that outside the reserve after the reserve's establishment. The amount of marginally suitable habitats increased outside the reserve but decreased inside the reserve after the reserve was established. The mean patch sizes of marginally suitable habitats continued to increase both inside and outside the reserve after the reserve was created. Both the amounts and mean patch sizes of unsuitable habitats inside and outside the reserve increased over time. The gap between the rates of increase in the amount of unsuitable hab- Table 1 . Ratios of mean annual rates of change (the amount of panda habitat, number of habitat patches, and mean patch size) after the reserve's establishment to those before the reserve was created. A ratio of Ͼ1 indicates that the absolute rate of change after the reserve's establishment was higher than that before the reserve was established. The signs within parentheses represent the directions of change ("ϩ" indicates an increase and "Ϫ" indicates a decrease) before and after the reserve was established, respectively. itats inside and outside the reserve has almost doubled since the reserve's establishment. Although the ratios of rates of increase in the mean patch sizes of unsuitable habitats inside the reserve to those outside the reserve slightly decreased after the reserve was created, the rate of increase in the mean patch sizes was still higher inside the reserve than outside. The loss and fragmentation of panda habitats in Wolong were directly due to forest loss and fragmentation, which took two major forms (Fig. 2) . First, forest fragments next to nonforest land continued to shrink and disappear. Second, large tracts of forest were divided into smaller tracts. The loss and fragmentation of the forest and of high-quality habitats were at least partially responsible for the dramatic decrease in the number of wild pandas in the reserve, from 145 in 1974 (11, 24) to 72 in 1986 (25) . Based on wildlifehabitat relationships (26) and the decreasing frequency of finding pandas in the wild (as indicated by our personal observations and by interviews with reserve biologists and local residents), the current number of wild pandas in Wolong is likely to be even smaller.
By examining the human population and activities in the reserve, it is not difficult to explain the much higher rates of loss and fragmentation of high-quality panda habitat after Wolong was designated as a protected area. There were 4260 local residents and 904 households inside the reserve in 1995, whereas there were only 2560 people and 421 households in 1975 when the reserve was established (12) . This rapid increase in the local population was mainly due to the high birth rate (about 2.5 children per woman in 1997) in the reserve (12) , because China's one-child policy does not apply to the members of the minority ethnic groups who account for approximately 75% of the local residents (27) . The rate of increase in the number of households was even higher than the rate of the population increase because more young people established new households rather than staying with their parents and grandparents to live a traditional lifestyle, in which several generations live under one roof. In addition to the rapid increase in the population size and the number of households, the population structure has experienced a dramatic change (27) . From 1982 to 1996, the labor force ( people 20 to 59 years of age) of local residents in the reserve jumped by 60% (27) .
Local people in the reserve were the direct driving force behind the destruction of the forest and of panda habitat (27) . Most of the labor force are farmers, and there are a variety of economic activities in the reserve, including agriculture, fuelwood collection, timber harvesting, road construction and maintenance, Chinese herbal medicine collection, and tourism. The reserve attracts thousands of tourists each year, and the booming tourism has helped to transform the reserve from a closed economy to an open economy. For example, the tourism has significantly stimulated the extraction of natural resources such as fuelwood to produce marketable goods. These human activities in the reserve have had very negative impacts on the forest and on panda habitat (12) . After the forests with easy access or close proximity to people were exhausted, forests in more remote areas at higher elevations (often high-quality panda habitat) became targets of destruction through activities such as fuelwood collection. In comparison, households outside the reserve have tighter restrictions on birth rate and have become less dependent on fuelwood as they have switched to coal, electricity, and other types of energy. These socioeconomic differences are among the causes of the discrepancy between the rates of habitat loss and fragmentation inside and outside the reserve.
Biodiversity conservation is faced with a much greater challenge than previously thought because even a flagship protected area such as Wolong was not better protected after its establishment. Quantitative analyses of pre-and post-establishment conditions inside and outside protected areas produce insightful results and provide much-needed information to develop strategies for truly effective biodiversity conservation. Because Table 2 . Ratios of mean annual rates of change (the amount and mean patch size of panda habitats) inside the reserve to those outside the reserve, before and after the reserve was established. A ratio of Ͻ1 indicates that the absolute rate of change inside the reserve was lower than the rate outside the reserve; a ratio of Ͼ1 indicates that the absolute rate of change was higher. The signs within parentheses represent the directions of change ("ϩ" indicates an increase and "-" indicates a decrease between two time points), inside and outside the reserve, respectively. (16) , it is also feasible to assess the effectiveness of many protected areas on the basis of their pre-and post-establishment conditions, using the approach presented here. To better understand the effectiveness of protected areas and develop more feasible policies, it is essential to integrate ecology with human demography, human behavior, and socioeconomics (12, 28) .
Corona photo was scanned into a digital image at 1200 dots per inch, giving a ground resolution of approximately 10 m. The individual Corona images were then combined into a single coverage and were classified on the basis of photo interpretation. To enhance the classification accuracies, we used general vegetation delineations on topographic maps, field observation information, interviews with local residents, and observations of areas that were undisturbed over time. The Landsat MSS and TM data were classified with the same procedure used for the Corona photos. To provide consistency, the visual interpretations of the Landsat data were done using falsecolor infrared images with similar band combinations (MSS bands 4, 5, and 6 and TM bands 2, 3, and 4), and the TM images (30 m by 30 m) were degraded and resampled to a resolution of 80 m by 80 m. To validate the visual interpretations, we surveyed 250 ground-truth plots (the size of each plot was equal to 60 m by 60 m, or 2 ϫ 2 TM image pixels) in the summers of 1998 and 1999 in the reserve, using GPS units (with 1-to 3-m accuracy after differential corrections), and we used digital methods [supervised and unsupervised classifications (16, 18) ] based on all four MSS bands and on comparable TM bands to classify the Landsat MSS and TM imagery. The overall correspondences between the digital and visual classifications ranged from 82 to 87%. Based on standard accuracy assessment methods (16) , the accuracy for forest classifications of the 1997 TM data using visual and digital methods was between 80 and 88% when the results were compared with the independent data from the ground-truth plots. The visual and digital methods resulted in consistent total forest areas (the forest areas resulting from the digital methods were only 0.61 to 5.76% different from those resulting from the visual method). These testing results indicate that the visual classifications in our study were of high quality and comparability.
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